Oxy-fuel combustion is a promising CO2 mitigation technology that will allow the continued utilisation of abundant coal reserves in the power sector in a carbon-constrained world. The CO2 capture and purification unit (CO2CPU) is an important unit that determines the CO2 product quality and energy consumption of the oxy-fired power plants. Several studies have been published on this unit but information on the dynamic behaviour of the CO2CPU is limited. This study developed a dynamic model of the pilotscale CanmetENERGY's CO2CPU (CanCO2). Dynamic modelling of the CO2CPU is challenging due to the highly-integrated flow sheet structure and the occurrence of two phase flow heat transfer in heat exchangers. This study takes into account the property variation in the two phase region while calculating the heat transfer coefficients in heat exchanger models. Detailed mathematical models are provided and transient analyses were performed to gain insight into the dynamic behaviour of the CO2CPU. Dynamic data obtained from the transient analysis was used to design a suitable control scheme for this process and study the dynamic operability of this process in closed-loop. A decentralized multi-loop control scheme for the CO2CPU is proposed based on the Relative Gain Array (RGA) method. The performance of the proposed control structure was evaluated for both disturbance rejection and set point tracking scenarios. Stable closed loop responses were obtained.
Introduction
While the transition to a low carbon economy is in process, carbon capture and storage (CCS) technology is considered as an attractive option to reduce anthropogenic CO2 emissions from coal-fired power plants, and other carbon-intensive industries. CCS is the only technology available for capturing at least 90% of the current CO2 emissions [1] that enables the abundant reserves of coal to continue supplying reliable and affordable electricity in a carbon-constrained world. The concept of CCS is relatively straightforward: capture CO2 from fossil fuel facilities; produce a concentrated CO2 stream that can be transported to another facility for its permanent storage or its use in other industrial applications. Oxy-combustion is a feasible CO2 capture technology to capture CO2 from coal-based power plants that can compete favorably with other CO2 capture technologies, such as post-combustion and precombustion. In oxy-combustion, almost pure O2 is used instead of air to combust the fuel in order to produce a flue gas stream consisting essentially of CO2 and water vapour. The latter can be easily separated from CO2 by condensation and the gas stream can be further processed to capture and separate CO2 from other gases such as nitrogen and argon using a low-temperature physical separation approach, i.e., multi-stage compression and cooling [2, 3] . In addition, the use of pure oxygen, instead of air, significantly reduces the volume of the stack flue gas. This feature in turn enables the reduction of capital and operating costs and makes oxy-combustion an economically attractive and promising CCS technology option for clean power generation [3] . To date, oxy-coal-fired power plants with CO2 capture have yet to be demonstrated at full (commercial) scale. The transition towards commercial scale operation is the main challenge for this technology. There are some remaining barriers regarding cost, energy consumption, government support, CO2 market, CO2 policy and public perception that obstruct the commercial deployment of the oxy-combustion technology. Researches are still required to make the oxy-fired power plants more energy-efficient. Experimental tests and large-scale demonstrations are also needed to confirm the technical readiness of this technology for commercialization. An oxy-coal-fired power plant is composed of four main sub-units, i.e., air separation unit (ASU), oxy-boiler, steam power cycle and a CO2 capture and purification unit (CO2CPU). The CO2CPU is an important unit that determines the quality of the CO2 product and energy consumption of the power plants. Thus, it is critical to ensure that this process can be operated efficiently within its safety, environmental and operational specifications while meeting the product quality requirements and design goals. An important aspect to achieve this goal is the development of a suitable control system for this process. However, studies on transient analysis and controllability analysis of the CO2CPU are very limited. This study, therefore, aims at proposing a design of a decentralized control structure for the CO2CPU that can be used as a basis to design a control scheme for large scale operation of oxy-coal-fired power plants. The design configuration of the CO2CPU considered in this work is based the proprietary CO2 capture and purification process (CanCO2) of the CanmetENERGY. A mechanistic dynamic model of the CanCO2 was developed and validated at steady state using its design data provided by CanmetENERGY. The model was used to characterize the dynamic behaviour of the CanCO2 in response to various feed conditions, operating conditions and expected disturbances. A decentralized control structure was proposed based on the Relative Gain Array (RGA) method [4] . The performance of the proposed control scheme was then evaluated under two scenarios: (a) changes in flue gas stream composition and (b) set point tracking of the CO2 recovery.
The CanmetENERGY's proprietary CO2CPU (CanCO2)
The CanCO2 is an advanced design of the two-stage flash auto-refrigeration process. In this plant, the flue gas is compressed and cooled down to recover liquid CO2 from the flue gas using flash drums. Product streams obtained from flash drums are subsequently used as coolants in multi-stream heat exchangers. Thus, there is no need for external utility supply thereby reducing the operating cost of the CO2 capture plant. An external recycle stream, recycling a portion of the CO2 rich effluent gas stream from the first flash drum to the compressor train instead of purging to the atmosphere, is used to enhance the CO2 recovery of the process. The process flow diagram of the CanCO2 is shown in Fig. 1 . The CanCO2 can be divided into three main sections: (i) a multi-stage compression and cooling (compressor train), (ii) CO2 liquefaction for inerts removal (auto-refrigeration), and (iii) further compression to the end user's specifications. The flue gas from the oxy-fuel combustion process with high CO2 content is compressed to about 3,000 kPa in the compressor train and then cooled down through the first multi-stream heat exchanger (MHX-1). The flue gas temperature is further reduced through the second multi-stream heat exchanger (MHX-2). Consequently, the liquid A mixture of these two process streams is a CO2 product. In the actual plant design, these two streams will be further pressurized for pipeline transportation. On the other hand, the vapour stream leaving from D-7 (stream 21) is also advantageously used as a coolant in MHX-1 and then recycled to the compressor train. This recycle stream improves the overall CO2 recovery of the CanCO2, but slightly decreases the CO2 product purity. The impact of the recycle stream on the CanCO2 capture performance is described in the results and discussions section. For a flue gas with 74.3 mol% (dry basis) of CO2, the CanCO2 achieves 88.7% CO2 recovery and produce a CO2 product stream with 95% purity.
Dynamic modelling of the CanCO2
As shown in Figure 1 , the CanCO2 is comprised of compressors, expanders, flash drums, heaters, coolers and multi-stream heat exchangers. The use of product streams from flash drum as coolants in the auto-refrigeration process along with a recycle stream makes the CanCO2 plant model highly integrated, and imposes difficulty in flow sheet convergence. Detailed mathematical models of each unit operation in the CanCO2 are available [5] . This study will explain more in detail about the systematic procedure used to develop the dynamic model of the CanCO2 in the gPROMS (Process System Enterprise, 2012) equation-oriented simulation software. Initially, the mathematical models of each unit operation described in the previous section were developed and validated individually with the design data provided by CanmetENERGY. The flue gas conditions required as a simulation input is shown in Table  1 . The partial differential equations in the multi-stream heat exchanger model were solved using a gPROMS built-in centred finite difference method with 20 discretized elements. The following boundary conditions were specified at the inlet of each process stream using the design data provided by CanmetENERGY. The superscript (*) indicates the outlet condition and N is the number of discretized elements along the exchanger length which is 20 in this study. Note that the hot gas enters the heat exchanger at z = 1 while the coolants enter the heat exchanger at z =0, as shown in Figure 2 . Once the stand-alone dynamic models were developed, the unit operation models were integrated into a single flow sheet to describe the transient behaviour of the complete CanCO2. The process integration proceeded according to the flowchart shown in Figure 3 . The process units were connected one at a time to facilitate the identification of potential failures in the model integration. First, the compressor train model was connected to the stand-alone MHX-1 model by stream 14, the resulting connected model was then simulated dynamically to determine stream 15's conditions. Afterwards, the connection was extended to include D-5, E-2, D-7 and P-1; this enabled the calculation of stream 26's conditions, which are required for the MHX-2 model. Subsequently, the MHX-2 was connected to the D-6 model and the tube length was adjusted to validate stream 27's temperature with the CanCO2 design data. Once the MHX-2 was validated, streams 21 and 24, obtained from MHX-2, and streams 29 and 36, obtained from D-7, were connected to the MHX-1 model, and the tube length of MHX-1 was adjusted to validated stream 15's temperature with the CanCO2 design data. The resulting integrated process model was simulated for 720,000 seconds to identify the initial steady state conditions for the CanCO2 model. Note that stream 22
is not yet recycled to the compression train in the procedure presented in Figure 3 . The CanCO2 is a highly-integrated process due to the complex process stream connections (see Figure 1 ) that is very sensitive to the input change. Thus, the entire amount of gas present in stream 22 cannot be recycled to the compression train at once. The model should be slowly disturbed by a recycle stream until convergence is achieved. The amount of gas recycled was determined by a recycle ratio, i.e. the ratio between the mass flow rate of gas recycled to the compressor train and the mass flow rate of stream 22. 
Control structure selection
Controlled and manipulated variables of the CanCO2 were selected as shown in Table 3 . The step tests were applied to each manipulated variable while monitoring the responses of all controlled variables.
Step test results were used to calculate the gain matrix for RGA analysis. Twelve RGA scenarios were evaluated and afterwards the most suitable decentralized control structure for CanCO2 is shown in Fig. 4 ; the list of paired manipulated-controlled variables are shown in Table 2 . In the proposed control scheme the CO2 purity is controlled by adjusting the splitter valve while controlling CO2 recovery using the coolant flow rate of C-4. The levels of both drums were controlled by adjusting the valve located at the bottom of each drum. 
Disturbance rejection
In this case, the performance of the control scheme was tested by introducing step disturbances; step decreases of mole fraction of CO2 in the flue gas feed were introduced and the controller actions were shown in Fig. 5 . As can be seen, the proposed control scheme is able to eliminate the effect of the disturbance by bringing all controlled variables back to the set point in a reasonable time and without oscillations or excess over/under-shoots. 
Set point tracking
The set point of CO2 recovery was changed from 88.7 wt% to 90 wt% to test the control structure performance. As can be seen in Fig. 6 , the control scheme can move the CO2 recovery to the new set point while maintaining liquid levels of both drums at the same set points. However, the CO2 purity set point cannot be maintained when CO2 recovery was increased from 88.8 wt% to 90 wt% because the manipulated variable used to control the CO2 purity, i.e. MV=splitter split fraction, reached the maximum bound (95%) to avoid drum S-3 dry-up as shown in Fig 7. However, it should be noted that the CO2 purity offset was very small, i.e. 0.1 mol%. 
Conclusion and recommendation
A dynamic model of the CanmetENERGY's proprietary CO2CPU process (CanCO2) for oxy-fired power plants was developed and used to test the performance of a proposed control structure developed using the RGA. The proposed control scheme was tested and was able to maintain the performance of the CO2CPU indicated by the CO2 recovery and the CO2 product purity at the nominal design values, i.e., 89% and 95%, respectively, in the presence of process disturbances while avoiding CO2 freezing within the system. This is an initial attempt at developing a control structure for an oxy-fuel capture and purification unit for coal-based power plant. Future work may include: re-tuning the controllers to obtain faster close loop response; considering other control structures for control system design for the CanCO2 and considering design changes to accommodate a wider range of set point changes.
